Three irradiation holes coupled to a pneumatic transfer system were installed for neutron activation analysis in the Jordan Research and Training Reactor (JRTR), which is the first research reactor in Jordan. To perform instrumental neutron activation analysis, neutron spectrum parameters, such as thermal neutron flux, α and f for the irradiation holes, should be measured. The Cd-ratio method was applied for the determination of the aforementioned parameters. For this purpose, 0.1% Au-Al wires and Zr foils were irradiated with and without Cd-cover, and the Cd ratios were determined for Au-198, Zr-95, and Zr-97/Nb-97m nuclides. Then, the parameters were calculated and determined at three irradiation holes.
Introduction
A project to build the Jordan Research and Training Reactor (JRTR) was launched by a contract between the Jordan Atomic Energy Commission (JAEC) and the Korea Atomic Energy Research Institute (KAERI) in 2010. The JRTR with a capacity of 5 MW upgradable to 10 MW, was designed, constructed, commissioned and completed by the KAERI and DAEWOO consortium in December 2016. In the JRTR project, a neutron activation analysis facility was included as one of reactor utilization facilities and three irradiation holes, called, NAA #1, #2, and #3, interfaced with pneumatic transfer systems were installed. In principle, to quantify elemental contents in analytical samples by instrumental neutron activation analysis (INAA) with an absolute method or with k 0 method [1] , neutron spectrum parameters, such as thermal neutron flux, the deviation of the ideal 1/E epithermal neutron flux distribution defined as a (1/E) 1+α shape (α), and thermal-to-epithermal neutron flux ratio (f) for the irradiation holes should be measured [2] [3] [4] [5] . The aim of this study was to determine the indispensable parameters for the elemental analysis using INAA at three irradiation holes in the JRTR.
Method
To determine α and f values, three methods, namely, bare, Cd-cover, and Cd-ratio, can be applied [6] [7] [8] . In this study, the Cd-ratio method was selected because this method is appropriate for a target irradaition hole with a high f value [9, 10] . A methodlogy for the determination of thermal neutron flux is conducted as follows; (i) irradiate Au monitors with Cd-cover and without Cd-cover(bare) at target irradiation holes, (ii) calculate the specific activity of Au-198 by gamma-ray measurement and experimental condition, (iii) calculate the reaction probability of Au-198 for Cd-cover and bare irradiations, (iv) obtain the reaction probability of Au-198 only by thermal neutrons (subtract the one of the Cd-cover from the recation probability of bare), and (v) divide the reaction probability by the thermal neutron cross section of Au-198.
For the determination of α and f values, Cd-ratios should be measured for the three nuclides of Au-198, Zr-95, and Zr-97/Nb-97m. Nuclear data for this work is shown in Table 1 . Because f is a function of α, α should be determined first. The α value can be obtained by using the following equation and by plotting two variables. The slope becomes − α, and the α value can be finally optimized by a reiterated calculation [6] .
where i denotes isotope 1,2,…N, E r : effective resonance energy in eV, G e : correction factor for epithermal neutron self-shielding, G th : correction factor for thermal neutron s e l f -s h i e l d i n g ,
resonance integral over thermal cross section ratio (E cd = 0.45 eV), F Cd : cadmium transmission factor for epithermal neutrons, and R Cd : cadmium ratio.
To determine the f parameter, Q 0 (α) for Au-198 can be obtained by applying the determined α, and f can be determined by the following equation [6] .
where F Cd = 0.99, G e and G th = 1 are applied for 0.1% Au-Al wire.
Experimental
The reactor neutron spectrum parameters vary with the reactor configuration and the position of irradiation hole. The disposition of the NAA irradiation holes in the JRTR is shown in Fig. 1 . Pneumatic transfer systems (PTS #1, #2, and #3) were coupled to NAA #1, #2 and #3 holes for a rabbit transportation. NAA#1 hole for both short and long irradiation is located closer to the reactor core than the others. NAA #2 for long irradiation and NAA #3 for short irradiation are located near the reactor vessel wall. Therefore, it is expected that NAA #1 will have the highest thermal neutron flux and the lowest thermal-to-epithermal neutron flux ratio.
We purchased 0.1% Au-Al wire from the Institute for Reference Materials and Methods (IRMM), and Zr-foil and Cd-cover (0.5 mm thick) were purchased from Shieldwerx. About 10 mg of 0.1% Au-Al wires were prepared for bare
and Cd-covered irradiation. Zr foils with weights of about 10 mg and 100 mg were also prepared for bare and Cdcovered irradiation, respectively. The prepared monitors were put into polyethylene rabbits and irradiated for 2 min at NAA #1 and for 5 min at NAA #2 and #3. Because the standard deviation of the rabbit transfer time from the sample loader to the irradiation tube was measured less than 0.3 s, the uncertainty of irradiation time was kept under 1%.
A closed-ended coaxial HPGe detector with relative efficiency of 40% was used to measure the gamma-ray spectrum for the irradiated monitors. Detection efficiency was calibrated for a sample-detector geometry (about 8 cm distance between standard source and detector end cap) by using a multi-nuclide standard source supplied from Eckert & Ziegler Isotope Products. Eight nuclides, Am-241, Cd-109, Co-57, Ce-139, Sn-113, Cs-137, Y-88, and Co-60, were used for the efficiency calibration. The overall uncertainty for the certified activity of the nuclides is about 3% at the 99% confidence level. Absolute detection efficiencies versus energies and fitting coefficients are shown in Table 2 . Measured efficiency is fitted by the following equation [11] .
where ε: efficiency at energy E, a i : fitting coefficients, E: energy in MeV.
The irradiated Au and Zr monitors were measured to detect Au-198 and Nb-97m after a decay time of one day, and the Zr monitors were re-measured for Zr-95 after three 
Results and discussion
The results of reaction probability for Au-198 and of thermal neutron flux at NAA#1, #2, and #3 irradiation holes are summarized in Table 3 . To calculate the thermal neutron flux, 98.8 barn as a cross section of Au-198 and 95.5% as the emission probability for the 411.8 keV line of Au-198 were applied. As expected, NAA #1 had the highest thermal neutron flux of 3.09 × 10 13 cm −2 s −1 , which was about 4 times higher than those of NAA #2 and #3. The thermal neutron flux of NAA #3 has the lowest and was very similar to that of NAA #2. These results imply that NAA irradiation holes in the JRTR can be used effectively and selectively for various application studies. The α parameters for each irradiation hole were determined by the Cd-ratios of three nuclides and by the reiteration method using Eq. (1). The final results are plotted in Fig. 2 . The determined α were in the range of 0.1-0.2, and the impact of deviation from the ideal 1/E epithermal neutron distribution can be evaluated by the comparison of Q 0 (0) and Q 0 (α) for interesting nuclides at each irradiation hole. The Q 0 (α) values for Au-198 were acqiured by applying the measured α values, and the f parameters were calculated by using Eq. (2), and the results are presented in Table 4 . Unlike the thermal neutron flux results, the f parameter at NAA #3 had the highest value, 921, and NAA #1 had the lowest, 65.6. In general, it can be accepted that NAA #2 and #3 irradiation holes are well thermalized, and the activity of target nuclides induced by epithermal neutrons is very low in comparison to that by thermal neutrons. However, when INAA is performed by using NAA #1, interference by epithermal neutrons should be considered, especially for the nuclides with high Q 0 values, and the k 0 method is more suitable than an absolute 
Conclusion
This work was the first determination of neutron spectrum parameters for INAA irradiation holes in the JRTR. For the analysis of practical samples, further research is necessary, such as the examination of variation of neutron spectrum parameters with a sample position in a rabbit, determination of fast neutron flux, uncertainty estimation of measured values, and so on. Eventually, we hope that the NAA facility in JRTR will be employed for a variety of application studies in the near future.
